In addition to its role as a 9-cis retinoic acid receptor, RXR has an important role in the regulation of multiple hormonal pathways through heterodimerization with nuclear receptors. Here, we show that two orphan receptors, NGFI-B and NURR1, which have been shown previously to interact with DNA as monomers, also can heterodimerize with RXR. These heterodimers bind selectively to a class of retinoic acid response elements composed of direct repeats spaced by 5 nucleotides. In this respect they are similar to heterodimers formed between RXR and the receptor for all-trans retinoic acid, RAR. However, whereas RXR is inhibited in the RXR-RAR heterodimer, NGFI-B/NURR1 promote efficient activation in response to RXR ligands and therefore shift RXR from a silent to an active heterodimerization partner. These data show that NGFI-B and NURR1 can increase the potential of RXR to modulate gene expression in a ligand-dependent manner by allowing a distinct class of direct repeats to serve as specific RXR response elements. Because expression of both NGFI-B and NURR1 is rapidly induced by various growth factors, these findings also suggest a novel mechanism for convergence between vitamin A or retinoid and growth factor signaling pathways.
Growth factors induce several immediate-early genes that often are involved in the control of cell growth and differentiation (Herschman 1991) . One of these, NGFI-B (also called Nut77; Hazel et al. 1988; Milbrandt 1988) , is a member of the nuclear hormone receptor family of ligand-inducible transcription factors (Evans 1988; Green and Chambon 1988) . However, a ligand has not yet been identified for NGFI-B, and therefore it belongs to the category of "orphan receptors." Although our knowledge of NGFI-B function is limited, it is clear that its responsiveness to growth factors is important. First, NGFI-B has been implicated in the control of steroidogenesis, because it is able to activate the adrenal-specific steroid 21-hydroxylase gene in response to corticotropin (ACTH; Wilson et al. 1993a ). Second, NGFI-B appears to be required for elimination of self-reactive thymocytes during T-cell development through apoptosis, a process triggered by the activation of cell surface T-cell antigen receptors (Liu et al. 1994; Woronicz et al. 1994) . These findings suggest that NGFI-B has an important function in mediating responses to various cell stimulatory signals. A critical step in furthering our knowledge of this function is to understand the regulatory targets of NGFI-B. Hence, as NGFI-B is a transcription factor that mod1Corresponding author.
ulates gene expression by binding to specific DNA sequences [hormone response elements (HREs)], it will be necessary to clearly define such binding sites.
NGFI-B has been shown to belong to a new group of orphan nuclear receptors that bind to specific DNA elements as monomers (Wilson et al. 1991 (Wilson et al. , 1993b ). In contrast, several other nuclear receptors such as the all-trans retinoic acid (RA) receptor (RAR), the thyroid hormone receptor (TR), the vitamin D receptor, and the peroxisome proliferator-activated receptor bind to cognate HREs as heterodimers with the receptor for 9-cis RA (RXR; Yu et al. 1991; Bugge et al. 1992; Kliewer et al. 1992a, b; Leid et al. 1992; Marks et al. 1992; Zhang et al. 1992a) . In many cases, HREs are composed of direct repeats of a common half-site sequence (AGGTCA) with the spacing between such repeats playing an important role for specificity (N~i~ir et al. 1991; Umesono et al. 1991; Vivanco-Ruiz et al. 1991) . Thus, in addition to its role as a 9-cis RA-activated receptor Levin et al. 1992; Mangelsdorf et al. 1992; Zhang et al. 1992b; Allenby et al. 1993) , RXR plays a central role in controlling multiple hormonal pathways through heterodimerization.
A critical dimerization interface in heterodimerizing receptors is localized to the carboxy-terminal ligandbinding domain (Forman et al. 1989; Glass et al. 1989; Yu et al. 1991; Kliewer et al. 1992a; Leid et al. 1992; Marks et al. 1992; Au-Fliegner et al. 1993; Zhang et al. 1994) . Because NGFI-B binds to DNA as a monomer, no function has yet been ascribed to the NGFI-B carboxyterminal domain. Significant similarity between the heterodimerizing receptors and NGFI-B can be observed within this region, which led us to investigate the possibility that this receptor also would be able to form dimers. Our experiments demonstrate that NGFI-B and the closely related orphan receptor NURR1 (Law et al. 1992; Scearce et al. 1993 ) both heterodimerize with RXR. Interestingly, RXR-NGFI-B/NURR1 and RXR-RAR heterodimers show a similar specificity for direct repeats spaced by 5 nucleotides. However, whereas ligand-dependent RXR activity is inhibited by RAR, NGFI-B and NURR1 promote the transcriptional activation by 9-cis RA or synthetic ligands specific for RXR. Thus, in the presence of NGFI-B or NURR1, direct repeats spaced by 5 nucleotides can serve as specific RXR-responsive elements. Because both NGFI-B and NURR1 are encoded by immediate-early genes activated by a variety of cell stimulatory signals, our data indicate a novel mechanism for cross talk between retinoid and growth factor signaling pathways. From a physiological point of view, functional interactions between these signaling systems appear logical, as both retinoids and growth factors regulate processes such as cell growth and differentiation (Sporn et al. 1984; Herschman 1991) . These observations suggest a number of new possibilities about how growth factors can modulate the diverse actions of retinoids.
Results

NGFI-B and NURR1 interact with RXR in vivo
Protein-protein interactions can be detected in yeast by utilizing the two-hybrid system (Fields and Song 1989) . This strategy was applied to transfected mammalian cells to analyze dimeric receptor interactions (Nagpal et al. 1993) . In these experiments, hybrid receptors fusing the yeast GAL4 DNA-binding domain to the ligand-binding domain of receptors are expressed in transfected cells either alone or together with a second type of hybrid receptor linked to the potent trans-activation domain of herpes simplex virus VP16 (Fig. 1A) . Trans-activation of a luciferase reporter gene containing GAL4-binding sites upstream of a thymidine kinase promoter is only achieved when the coexpressed hybrid receptors can physically interact. Consistent with the finding that RXR forms efficient heterodimers with RAR, GAL4--RXR activates transcription when coexpressed with VP16-RAR (Fig.  1B) . In a similar experiment, GAL4-NGFI-B was expressed either alone or together with VP16-RAR or VP16-RXR. Strong activation was detected in the presence of VP16-RXR (Fig. 1B, GAL4 --NGFI-B), and in parallel experiments, NURR1 fused to GAL4 was also shown to interact with VP16--RXR (Fig. 1B, GAL4-NURR1 ). GAL4--NURR1 and GAL4--NGFI-B coexpressed with additional derivatives linking the VP16 Receptor derivatives and a luciferase reporter used in the twohybrid transfection experiment in human choriocarcinoma JEG-3 cells. (B) VP16-RXR interacts with GAL4--NGFI-B and GAL4-NURR1 in vivo. JEG-3 cells were transfected in duplicate with the GAL4 luciferase reporter and CMX-GAL4-RXR, CMX-GAL4--NGFI-B, or CMX-GAL4-NURR1 alone or together with either CMX-VP 16-RAR or CMX-VP 16-RXR as indicated, and cell extracts were assayed for luciferase activity.
trans-activation domain to the ligand-binding domains of TR, VDR, and PPAR failed to activate the reporter (data not shown). Comparing trans-activation efficiencies indicated that under these conditions RXR interacted most strongly with NURR1, followed by RAR and NGFI-B. These experiments demonstrate that both NGFI-B and NURR1 can interact with RXR in vivo. Previously, RXR was shown to form homodimers in the presence of its specific ligand 9-cis RA (Zhang et al. 1992b) . Such interactions were not detected in these experiments because cells were cultured in the absence of added exogenous ligands. In addition, GAL4-RXR is a potent ligand-dependent trans-activator by itself, which eliminates the possibility to detect RXR homodimers in vivo using this system (data not shown; see also Figure 9 , below).
RXR forms heterodimers with NGFI-B/NURR1 that are specific for direct repeats spaced by 5 nucleotides
The results of the experiments shown in Figure 1 strongly suggested that the formation of heterodimers between RXR and NGFI-B/NURR1 occurred in vivo. To demonstrate heterodimerization we used in vitro gel mobility-shift experiments. Because the relative orientation and spacing between the c o m m o n half-site AGGTCA was unknown, three different mixtures of differently spaced repeats were used as probes in the initial gel mobility-shift experiment ( Fig. 2A) . The direct repeat elements (~RE-mix; Fig. 2A ) are differently spaced variants of the strong RA response element from the RAR ~ gene promoter {GGTTCAccgaaAGTTCA, direct repeat spaced by 5 nucleotides; de Th4 et al. 1990; Sucov et al. 1990) . When NURR1 and RXR were mixed with the ~RE-elements, the formation of a more slowly migrating complex indicated heterodimeric binding between NURR1 and RXR (Fig. 2B, lane 9) . Because one of the half-sites is related to the NGFI-B/NURR1 m o n o m e r binding site (NBRE, AAAGGTCA; Wilson et al. 1991} , monomeric binding is detected in the presence of NURR1 alone (Fig. 2B, lane 8) . In contrast, no heterodimeric interaction could be detected w h e n RXR and NURR1 were mixed with differently spaced inverted repeats (IR-mix; Fig. 2B ). RXR formed weak homodimers when added alone to inverted palindromes [everted repeats (ER-mix); Fig. 2B, lane 4] , and addition of NURR1 enhanced binding slightly, suggesting weak heterodimerization on these elements (Fig. 2B, lane 6) .
Because heterodimer formation was demonstrated on direct repeats, we determined the preference in binding to individual, differently spaced direct repeat elements of the ~RE-mix. Therefore, all six ~RE elements (~RE 1-6) were labeled individually and tested for heterodimer Figure 2 . RXR forms heterodimers with NGFI-B and NURR1 that are specific for direct repeats spaced by 5 nucleotides. (A) Oligonucleotide mixtures used in gel mobilityshift assays. The IR-mix, ER-mix, and J3RE-mix consist of oligonucleotides with 1-6 nucleotides between the conserved halfsites, respectively. (B) Human RXRa (RXR) and NURR1, derived from in vitro translation in rabbit reticulocyte lysates, were mixed and assayed in gel mobility-shift assays together with IR-mix, ER-mix, or ~RE-mix as a2P-labeled probes as indicated. (C) RXR-NURR1 heterodimers are specific for direct repeats spaced by 5 nucleotides. RXR and NURR1, derived from in vitro translation in reticulocyte lysates, were mixed with individual a2P-labeled J3RE variants {direct repeats) spaced by 1-6 nucleotides. (D) RXR-NGFI-B heterodimers are specific for direct repeats spaced by 5 nucleotides. RXR and NGFI-B, derived from in vitro translation in reticulocyte lysates were mixed with a2P-labeled ~RE variants (direct repeats) spaced by 1-5 nucleotides. (E) Receptor identity on direct repeats spaced by 1 or 5 nucleotides. RXR and NGFI-B, derived from in vitro translation in reticulocyte lysates were mixed with a2P-labeled ~RE-1 (lanes 1-3) or ~BE-5 (lanes 4-6). Preimmune serum (lanes 1,4}, antiserum against RXR {lanes 2,5), or NGFI-B {lanes 3,6) were included in the reactions. The positions of monomers and dimers are indicated.
binding. As demonstrated in Figure 2C , the RXR-NURR1 heterodimer showed a clear specificity for the natural direct repeat spaced by 5 nucleotides (BRE-5, lane 5). In parallel experiments, RXR-NGFI-B heterodimers were also shown to preferentially recognize direct repeats spaced by 5 nucleotides (Fig. 2D, lane 5) . Lower salt concentrations were used in the binding buffer in these experiments, and under these conditions RXR homodimer binding was detected on direct repeats spaced by 1 nucleotide as evident from the slowly migrating band seen when RXR was added alone (Fig. 2D, lane 1) . Therefore, antibodies against RXR or NGFI-B were used in the binding reactions to confirm the identity of the receptors in the dimeric complexes (Fig. 2E) .
We then tested the ability of the RXR-NURR1 heterodimer to recognize differently organized and previously characterized HREs ( Fig. 3A ; see legend). These experiments confirmed the preference for heterodimeric binding to the f~RE (Fig. 3B, lane 12 ). In addition, we used a set of direct repeats that are unrelated to the ~RE within the spacer sequence to confirm that the preference in (Tini et al. 1993) , the thyroid HRE from the myosin heavy chain gene (MHC TRE; Glass et al. 1989) , and the RA response element from the human RARB gene promoter (BRE; de Th6 et al. 1990; Sucov et al. 1990 ).
binding was the result of spacer length rather than sequence (data not shown). We conclude that both NURR1 and NGFI-B are able to form heterodimers with RXR and that these heterodimeric complexes preferentially bind direct repeats spaced by 5 nucleotides.
An interesting feature of RXR-NGFI-B/NURR1 heterodimers is the similar preference for direct repeats spaced by 5 nucleotides, as was established previously, as the optimal binding site for RXR-RAR heterodimers , Hermann et al. 1992 Kliewer et al. 1992b; Mader et al. 1993a; Perlmann et al. 1993) . We therefore compared the relative binding efficiency for heterodimeric complexes interacting with the ~RE element. In these experiments, RAR and RXR were mixed with increasing amounts of NURR1 or NGFI-B and analyzed in gel mobility-shift assays. At a NURR1/RAR ratio of 0.5 or more, NURR1 competes efficiently as indicated by the formation of the more slowly migrating RXR-NURR1 complex and the gradual disappearence of the RXR-RAR band (Fig. 4A , lanes 6-9). In a similar experiment, NGFI-B was shown to compete but at a higher NGFI-B/RXR ratio (Fig. 4B , lanes 2-5). These experiments are in good agreement with the results from the two-hybrid experiment ( Fig. 1 ) and indicate binding affinities that are two-to fourfold higher for RXR-
RXR-NGFI-B/NURRI heterodimers
NURR1 and two-to threefold lower for RXR-NGFI-B compared with RXR-RAR heterodimers.
RXR-NGFI-B/NURR1 heterodimers bind with a fixed polarity to direct repeats spaced by 5 nucleotides
The asymmetric nature of direct repeats raises the question as to the 5' --* 3' polarity of subunits bound to such elements. Previous data demonstrated that RXR-RAR or RXR-TR heterodimers show a preferred polarity with RXR bound in the 5' half-site and RAR and TR in the 3' half-site of cognate direct repeats (Kurokawa et al. 1993; Perlmann et al. 1993; Zechel et al. 1994a) . To determine the polarity of the RXR-NGFI-B/NURR1 heterodimers, we used two variants of a synthetic element (NX 3', NX 5'; Fig. 5A ). These are direct repeats spaced by 5 nucleotides having optimal NGFI-B/NURR1 (NBRE) monomer-binding sites in the 3' and 5' position~ respectively. Efficient heterodimeric binding is seen only when the NBRE is in the 3' position demonstrating a fixed polarity with RXR in the 5' position and NURR1 in the 3' position of the direct repeats. In contrast, because both repeats contain one copy of the NBRE, monomeric binding was detected with both elements (Fig. 5B, lanes 2,5) . The identical results were seen when analyzing RXR-NGFI-B heterodimers on these binding sites (data not shown}. Because the results demonstrate a strict polarity in DNA binding, the data emphasize the generality in the mechanism of heterodimeric DNA binding.
The carboxy-terminal domains of NGFI-B and NURR1 contain critical dimerization interfaces
In several receptors an important dimerization interface has been localized to the carboxy-terminal ligand-binding domains (Forman et al. 1989; Glass et al. 1989; Kliewer et al. 1992a; Leid et al. 1992; Marks et al. 1992; Au-Fliegner et al. 1993) . To determine whether the putative ligand-binding domains of NURR1 and NGFI-B are important for their heterodimerization with RXR, carboxy-terminally truncated derivatives of NURR1 and NGFI-B (NURR1 355 and NGFI-B 414, respectively) were used in gel mobility-shift experiments employing the f~RE or the monomeric NGFI-B/NURR1-binding site NBRE (Fig. 6A ). As demonstrated in Figure  6 , B and C, heterodimeric, but not monomeric, DNA binding required the intact carboxy-terminal domains of both NURR1 and NGFI-B. These data define a function for the NGFI-B/NURR1 carboxy-terminal domains and further emphasize the conservation of the mechanism of heterodimeric complex formation. 
NGFI-B and NURR1 modulate RA signaling
Both the RXR-NGFI-B/NURR1 and RXR-RAR heterodimers have similar specificities for binding to direct repeats spaced by 5 nucleotides. This similarity suggests that NGFI-B and NURR1 modulate genes containing such RA response elements. This was tested in in vivo transfection experiments. For this purpose a luciferase reporter containing a single copy of the ~RE upstream of a thymidine kinase promoter was transfected into choriocarcinoma JEG-3 cells either alone or together with expression vectors encoding NGFI-B or NURR1 (Fig. 7A) . In the absence of any cotransfected receptors, the reporter was activated about sevenfold in response to 1 ~M all-trans RA (because of endogenous RXR and RAR in these cells; Sugawara et al. 1993 ). Interestingly, cotransfection of either NGFI-B or NURR1 resulted in a dramatic increase of RA responsiveness (Fig. 7A) . The carboxy-terminally truncated NGFI-B and NURR1 that were unable to promote in vitro heterodimerization (Fig.  6A , NGFI-B 414 and NURR1 355) also failed to promote efficient induction of the ~RE reporter (Fig. 7A) . Furthermore, cotransfection of expression vectors for NGFI-B and RXR resulted in a further increase in trans-activation from the BRE reporter (data not shown). The stimulation is specific for the BRE element because NGFI-B and NURR1 did not stimulate transcripton from a single copy of the RA-responsive synthetic inverted repeat element (TREp; Umesono et al. 1988 ; Fig. 7A ) or the everted repeat RA-response element in the ~/F-crystalline gene (~F-Cry; Tini et al. 1993 ; Fig. 7A ). In addition, in agreement with in vitro data, a reporter containing one copy of NX 3' but not NX 5' is activated in response to 1 IzM RA in the presence of either NURR1 or NGFI-B (Fig. 7B) . Transfection of a reporter containing two copies of the NX 3' resulted in a dramatic increase in luciferase activity when either NGFI-B or NURR1 was coexpressed and cells were incubated in the presence of 1 IXM RA (Fig.  7C) . Consistent with the previous finding that NGFI-B can constitutively activate transcription, the basal reporter activity was increased by NGFI-B or NURR1 in the absence of added ligands ( Fig. 7C ; Davis et al. 1991; Wilson et al. 1991) . We confirmed that the observed activation was attributed to RXR by using a dominantnegative RXR derivative (mRXRa dn) described previously that lacks the ability to respond to 9-cis RA (Durand et al. 1992) . When this derivative, but not wild-type RXR, was coexpressed with NGFI-B or NURR1, activation was efficiently blocked (Fig. 7C) . These data are consistent with our in vitro data and indicate RXR-NGFI-B/NURR1 heterodimerization as the underlying basis for the enhancement of RA responsiveness.
RXR can be activated in complex with NGFI-B/NURR1 but not with R A R
The dramatic increase in RA responsiveness was observed at nonphysiological levels of all-trans RA (1 txM RA; Fig. 7A ). We therefore wished to test whether the effect was sensitive to the concentration of added alltrans RA. As shown in Figure 8A , lower levels of alltrans R A I l 0 riM) were insufficient to achieve the activation mediated by NGFI-B/NURR1, whereas these levels induced the full activation mediated through endogenous receptors (Fig. 8A) . In contrast, increasing amounts of cotransfected NGFI-B expression vector inhibit the [3RE reporter in response to 10 nM RA {Fig. 8B). Taken together, our data indicate that the effect of NGFI-B/ NURR1 is mediated by a RA metabolite such as 9-cis RA rather than all-trans RA itself Levin et al. 1992; Allenby et al. 1993) . At intermediate levels of added ligands (25 riM), 9-cis RA but not all-trans RA was shown to promote the maximal NGFI-B/NURR1 activation of the ~RE reporter (data not shown). Thus, the RXR-NGFI-B/NURR1 and RXR-RAR heterodimers mediate retinoid responses that are pharmacologically distinct.
To analyze the pharmacological properties of RXR-NGFI-B/NURR1 heterodimers in further detail, we used synthetic retinoids described previously that are specific for either RAR or RXR (TTNPB and SRl1237, respectively; Mangelsdorf et al. 1990 ; L e h m a n n et al. 1992). As shown in Figure 9A , at 0.1 ~M TTNPB and 1 tXM SR11237, activation of the GAL4 luciferase reporter by either GAL4-RXR or GAL4--RAR was highly specific. Interestingly, cotransfection of GAL4--RXR and wildtype RAR inhibits the response to SRl1237 and promotes activation by TTNPB (Fig. 9B) . In contrast, NGFI-B (Fig. 9B ) or NURR1 (data not shown) does not block the SRl1237 response. These data are in accordance with previous results using synthetic retinoids and indicate that the RXR-RAR heterodimer is prefer- entially activated through the RAR subunit (Lehmann et al. 1992; Kurokawa et al. 1994 ; see Discussion). Furthermore, our data suggest that in contrast to RAR, NGFI-B heterodimerization -with RXR does not block the activation by SR11237.
To further substantiate this finding and to assess the significance of these data, synthetic retinoids were used with wild-type receptors in transfection experiments. As shown in Figure 10A , a reporter containing two copies of the NX 3' element is activated by RAR alone or together with RXR in response to TTNPB (Fig. 10A) . Interestingly, NGFI-B or NURR1 expression results in a shift in ligand specificity because SR11237 rather than TTNPB leads to efficient activation of the reporter (Fig. 10A) . The reporter is weakly activated also by RXR in response to SRl1237, presumably through the formation of RXR homodimers binding to this element ( Fig. 10A ; Zhang et al. 1992b ). Finally, in a similar experiment, a reporter containing three copies of the ~RE was shown to behave similarly (Fig. 10B) . Thus, cotransfection of NGFI-B resulted in efficient activation by SRl1237. In contrast, without cotransfected receptors or with RAR, this reporter responds efficiently to TTNPB but not to SRl1237. In conclusion, our data show that both the RXR-RAR and RXR-NGFI-B/NURR1 heterodimers bind similar direct repeats spaced by 5 nucleotides, but switching it between an inactive and an active heterodimerization partner. It appears likely that other nuclear receptors are also able to shift RXR into an active partner thus defining a novel class of receptors that can serve as cofactors for RXR.
The observations reported here have at least two possible consequences for retinoid signaling. First, it has been demonstrated previously t h a t 9-cis R A activates RXR h o m o d i m e r s binding preferentially to response ele m e n t s composed of direct repeats spaced by 1 nucleotide (Mangelsdorf et al. 1991 ; Z h a n g et al. 1992b). NGFI-B and NURR1 can increase the potential of RXR to m o d u l a t e gene expression in a ligand-dependent m a n n e r by allowing direct repeats spaced by 5 nucleotides to serve as specific RXR response elements. Second, NGFI-B and NURR1 are encoded by immediate-early only the latter can be activated through the RXR subunit of the complex.
D i s c u s s i o n
In this study we show that two orphan receptors, NGFI-B and NURR1, can form heterodimers w i t h RXR that are efficiently activated by ligands binding to RXR. In contrast, R X R -R A R heterodimers are only activated through the RAR subunit. Thus, these findings demonstrate the existence of a novel m e c h a n i s m whereby RAR and NGFI-B/NURR1 have an opposite effect on RXR, genes. Thus, the interaction with RXR suggests a mechanism whereby growth factors could affect retinoid signaling as well as modulating the pharmacological properties of responding cells.
DNA-binding properties of the NGFI-B/NURR1-RXR heterodimer
The ability of NGFI-B and NURR1 to heterodimerize with RXR is shared with other nuclear receptors including RAR, TR, the vitamin D receptor, and the peroxisome proliferator-activated receptor Bugge et al. 1992; Kliewer et al. 1992a, b; Leid et al. 1992; Marks et al. 1992; Zhang et al. 1992a) . Several features of RXR-NGFI-B/NURR1 heterodimerization resemble those of heterodimers characterized previously. Other RXR heterodimers have been shown to form in solution in the absence of specific DNA-binding sites Bugge et al. 1992; Kliewer et al. 1992a, b; Leid et al. 1992; Marks et al. 1992) . Similarly, NGFI-B and NURR1 fused to GAL4 interact with VP16-RXR in the two-hybrid transfection experiment (Fig. 1) , indicating that RXR-NGFI-B/NURR1 heterodimers are also able to form in solution in the absence of cognate HREs. Second, RXR-RAR and RXR-TR heterodimers interact with cognate direct repeats with a fixed polarity. Our data show that RXR-NGFI-B/NURR1 heterodimers bind to direct repeats spaced by 5 nucleotides with a similar polarity (RXR in the 5' half-site). By analogy with RXR-RAR and RXR-TR heterodimers, the observed polarity is most likely the result of protein-protein interactions between the DNA-binding domains of RXR and NGFI-B/NURR1 (Mader et al. 1993b; Perlmann et al. 1993; Towers et al. 1993; Zechel et al. 1994a, b) . Finally, similar to RAR, TR and other dimerizing receptors, carboxy-terminally truncated derivatives of NGFI-B and NURR1, failed to heterodimerize with RXR, indicating the presence of a dimerization interface within the carboxy-terminal domain. These observations suggest that the mechanism of dimerization and DNA binding is highly conserved between several receptors forming heterodimers with RXR.
Both NGFI-B and NURR1 have been shown to bind with high affinity to monomeric binding sites (Wilson et al. 1991 (Wilson et al. , 1993b Scearce et al. 1993) . Thus, an intriguing feature of these receptors is that they can bind both as monomers and heterodimers to DNA. The DNA-binding properties of NGFI-B and NURR1 apparently resemble those of TR, because this receptor also interacts efficiently with DNA both as a monomer and dimer (Andersson et al. 1992; Forman et al. 1992; Katz and Koenig 1993~ Miyarnoto et al. 1993; Schr/ider et al. 1994a) . Several orphan receptors such as RevErbA, ROR, ELP, SF-1, and its Drosophila homolog FTZ-F1 bind as monomers to extended single half-sites, and it may be speculated that some of these may also belong to this category of monomer/dimer binding receptors (Ueda et al. 1992; Harding and Lazar 1993; Wilson et al. 1993b; Giguere et al. 1994) . Accordingly, the DNA-binding properties of NGFI-B, NURR1, and TR may serve as a paradigm for a broader class of nuclear receptor-DNA interactions.
NGFI-B/NURR1 as modulators of retinoid signaling
Our data show that NGFI-B and NURR1 promote efficient RA activation through the [3RE in JEG-3 cells. Although NGFI-B and NURR1 also could promote reporter activation in the absence of retinoids, the effect was moderate compared to the activity induced by retinoids (Figs. 7C, 10A ; Davis et al. 1991; Wilson et al. 1991) . Our conclusion that the transcriptional enhancement is the result of heterodimerization between NGFI-B/ NURR1 and RXR is based on a number of observations. Consistent with in vitro DNA-binding data, the stimulatory effect is specific for the [3RE and was not observed when using other reporter constructs containing differently organized HREs. Furthermore, the NX 3' element promoted both heterodimerization as well as transcriptional activation, whereas the NX 5' element did not. in addition, carboxy-terminally truncated derivatives of NGFI-B and NURR1 that fail to heterodimerize with RXR in vitro, were unable to promote transcriptional activation in vivo. Finally, the effect is mediated by 9-cis RA (data not shown) or the RXR-specific ligand SR11237
but not by all-trans RA or TTNPB, indicating that RXR and not RAR mediates the enhancement. It should be noted that NGFI-B consistently promotes activation more efficiently compared with NURR1 although in vitro data indicate that NURR1 heterodimerizes more strongly with RXR. We do not know whether this lack of correlation is the result of higher expression levels of NGFI-B in transfected cells, increased efficiency of the wild-type receptors to heterodimerize in vivo, or to a higher trans-activation capacity of the RXR-NGFI-B complex. In any event, our data strongly support RXR-NGFI-B/NURR1 heterodimerization as the underlying basis for the observed transcriptional activation.
Previous studies using synthetic ligands specific for either RXR or RAR have indicated that RXR-RAR heterodimers bound to direct repeats spaced by 5 nucleotides are nonresponsive to ligands acting through the RXR subunit (Lehmann et al. 1992; Kurokawa et al. 1994) . Kurokawa et al. (1994) demonstrated that the 5'--* 3' polarity of RXR-RAR heterodimers is a critical determinant for ligand specificity. In their experiments, the receptor binding to the 3' half-site serves as the activating subunit of the complex. In addition, Schr~ider et al. (1994b) described a similar relationship involving TR-VDR heterodimers. In this respect, RXR-NGFI-B/ NURR1 heterodimers are functionally distinct, because RXR can activate when binding to the 5' half-site of a direct repeat spaced by 5 nucleotides. The data predict that RXR adapts different conformations depending on the identity of its heterodimerization partner. Therefore, although no strict polarity rules can be deduced from all of these data, heterodimerization and specific DNA binding is clearly emerging as a powerful mechanism for allosteric regulation of ligand-dependent receptor activation.
In addition to RAR, NGFI-B, and NURR1, another orphan receptor, MB67, was recently shown to form RXR heterodimers that can constitutively activate transcription from direct repeats spaced by 5 nucleotides (Baes et al. 1994 ). This would predict that variable expression levels of RAR, RXR, NGFI-B, NURR1, and MB67 would allow multiple regulatory readouts from genes containing f~RE-like sequences. Taken together, all of these data indicate that ~3RE-like elements serve as junction points for retinoid signaling, allowing complex combinatorial interactions between several different regulators and ligands.
Convergence of growth factor and retinoid signaling
Previously, substantial hormonal cross talk between divergent signaling pathways became evident from the discovery that the growth factor regulated transcription factor AP-1 can modulate the activity of RAP,, as well as several other nuclear receptors (Sch~ile et al. 1991; Yang Yen et al. 1991; for review, see Pfahl 1993) . In most cases, AP-1 antagonizes nuclear receptors through a mechanism involving weak protein-protein interactions occurring independently of specific DNA binding. In contrast, the agonistic effect mediated through RXR-NGFI-B/NURR1 heterodimerization is apparently dependent on the interaction with specific direct repeat HREs. Interestingly, this mechanism resembles the AP-1 regulation of the proliferin gene characterized previously, which can be both positively and negatively regulated by glucocorticoids and AP-1 depending on its subunit composition (Diamond et al. 1990; Miner and Yamamoto 1991; Pearce and Yamamoto 1993}. In the proliferin gene, a so-called "composite" response element mediates signaling by both glucocorticoids and AP-1. By analogy to such elements, direct repeats spaced by 5 nucleotides may allow divergent signals to coordinately modulate gene expression in a more selective manner than would be the case if the regulation was entirely independent of specific DNA binding. In conclusion, our data demonstrating RXR-NGFI-B/NURR1 heterodimerization along with the previously characterized cross talk with AP-1 underscore a requirement for alternative and functionally distinct mechanisms for convergence between retinoid and growth factor signaling systems.
As would be expected from a physiological viewpoint, several cases of cross talk between retinoid and growth factor signaling have been reported previously. For example, by inhibiting cell growth and promoting differentiation, retinoids have been shown to oppose the effects of extracellular signals that stimulate cell proliferation. Furthermore, retinoids inhibit the negative selection through apoptosis of self-reactive thymocytes (Iwata et al. 1992; Yang et al. 1993) . These effects could be explained, in principle, by AP-l-retinoid receptor antagonism. On the other hand, consistent with the data shown here, several cases of synergism between retinoids and growth factors have also been reported. Examples include the control of gene expression, cell differentiation, and the promotion of embryonic neuronal survival (Cho and De Robertis 1990; Hendry and Belford 1991; Li and Sartorelli 1992; Kurie et al. 1993; Kent et al. 1994 ). It will be interesting in future studies to address the extent to which NGFI-B and NURR1 participate in these and/or other regulatory events controlled by both retinoid-and growth factor-mediated signaling pathways.
Materials and methods
Plasmids
CMX-GAL4-RXR, CMX-GAL4-NGFI-B, and CMX-GAL4-NURR1 contain sequences encoding the GAL4 DNA-binding domain (amino acids 1-147; Sadowski and Ptashne 1989) followed by sequences encoding the human RXR~, amino acids 224-462 (Mangelsdorf et al. 1990 ), NGFI-B, amino acids 348-597 (Milbrandt 1988) , and NURR1, amino acids 353-598 (Law et al. 1992) , respectively, cloned in pCMX expression vector . CMX-VP16-RAR and CMX-VP16-RXR contain the herpes simplex VP 16 trans-activation domain (Perlmann et al. 1993) followed by the complete coding sequences of human RARa (Giguere et al. 1987 ) and human RXRe,, respectively. CMX-NURR1 and CMX-NGFI-B contain NURR1 and NGFI-B eDNA sequences cloned into pCMX. CMX-NURR1 355 and CMX-NGFI-B 414 contain sequences encoding truncated NURR1 (amino acids 1-355) and NGFI-B (amino acids 1--414), respectively. The RXR dominant negative is derived from mouse RXR~ and truncated at amino acid 448 (Durand et al. 1992) . Reporter plasmids contain one, three, or four copies of the indicated HREs (see figure legends) upstream of the herpes simplex thymidine kinase promoter linked to the coding region of the luciferase gene. Proteins used for in vitro analysis were made by coupled in vitro transcription and translation in rabbit reticulocyte lysates (TNT, Promega). All proteins were [3SS]methionine-labeled and analyzed by electrophoresis on 10% SDS--polyacrylamide gels. Plasmids containing the T7 promoter upstream of the complete coding sequences of human RXRa, NURR1, and NGFI-B, respectively (CMX-RXRa, CMX-RARc,, CMX-NURR1, and CMX-NGFI-B), were used as templates in these reactions.
Cotransfection assays
Human chorion carcinoma JEG-3 cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS). Transfections were performed in duplicate in 24-well plates by the calcium phosphate method (Figs. 1, 7B , C,8B,9, and 10) or by lipofection technique using N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethyl-ammonium methylsulfate (DOTAP, Boehringer Mannheim) as directed by the supplier. Briefly, 1 day prior to transfection, cells were seeded at a density of 2.4x 10 4 cells/well using DMEM with 10% charcoal-stripped FCS. Each well was treated with 50 ng of the indicated expression vectors, 100 ng of reporter plasmid, and 200 ng of reference CMX-f~gal plasmid containing the [3-galactosidase gene and pGEM-5 (Promega) as carrier DNA up to 500 ng of total DNA. Cells were exposed to calcium phosphate precipitate for 12-15 hr or to DOTAP-DNA for 3-7 hr and washed with PBS, and then fresh medium was added containing 10% charcoal-stripped FCS and all-trans RA, 9-cis RA, TTNPB (E)-4-[2- (5,5,8,8-tetramethyl-5,6,7,8 tetrahydro-2-naphtalenyl)-1-propenyl]benzoic acid), SR11237 (Lehmann et al. 1992) , or ethanol as indicated. The cells were harvested after 36 hr incubation and lysed, and extracts were assayed for luciferase and B-galactosidase activity. All luciferase activities were normalized to [~-galactosidase activity. The presented data represent one out of at least three independent transfection experiments. Variation between data points was <20%.
DNA-binding assays
For gel mobility retardation assays, indicated species of proteins were incubated with binding buffer. The buffer contained 10 mM Tris (pH 8.0), 40 mM KC1, 0.05% NP-40, 6% glycerol, 1 mM DTT, 0.2 lag of poly[d(I-C)] (Pharmacia) except for the experiments displayed in Figures 2E, 4B , and 6C in which KC1 was added at 20 mM. Approximately 0.2-0.5 ng of a2P-labeled probe, which was labeled to a specific activity of about 3 x 108 to 5 x 108 cpm/~g by fill-in reaction with the Klenow fragment, was RXR-NGFI-B/NURR1 heterodimers added to the reaction and incubated on ice for 20 min. The reactions were then loaded onto 4% nondenaturing polyacrylamide gels in either 0.Sx or 0.25x (Figs. 2E, 4B , and 6C) TBE running buffer. After electrophoresis, gels were dried for autoradiography. In Figure 2E , 0.25 ~1 of preimmune, anti-hRXRc, (Kliewer et al. 1992c) , or anti-NGFI-B antiserum (see below) was included in the binding reactions. In the competition experiment shown in Figure 4 , relative amounts of proteins were determined from dried and autoradiographed SDS gels run with [3SS]methionine-labeled in vitro-translated proteins. The following HREs and their complements were a2P-labeled and used as probes as indicated: IR-mix, agcttcaAGGTCAcagctgTGACCTgagagct and the identical oligonucleotides containing spacers cactg, catg, cag, cg, g; ER-mix, agcttcaTGACCT-cagctgAGGTCAgagagct and the identical oligonucleotdes containing spacers cactg, catg, tag, cg, g; [~RE-mix, agcttaaggGGTTCAcccgaa-AGTTCActcgcat and the identical oligonucleotides containing spacers ccgaa, cgaa, gaa, aa, a; TREp, agcttcaAGGTCAGACCTgagagct; ~/F-Cry, agcttgTGACCCTTTAACCAGGTCAg; MHC TRE, agctggAGGTGACAGGAGGACAgcaagct; f~RE, agcttaaggGGTTCACCGAAAGTTCActcgcat; NX 3', agcttttAGGTCACCGAAAGGTCActc; NX 5', agcttttAAAGGTCACCGTTAGGTCActc; NBRE, agcttgagttttaAAAGGTCAtgctcaattt.
NGFI-B antiserum
A fragment corresponding to amino acids 1-150 of NGFI-B was amplified by the polymerase chain reaction (PCR) and cloned into the bacterial expression vector pGEX-2T (Pharmacia). Bacterial protein was expressed and purified as described (Perlmann et al. 1993 ). The NGFI-B protein fragment was used to raise a rabbit polyclonal antiserum. The specificity of anti-NGFI-B antibodies was confirmed by supershift experiments in gel mobility-shift assays using NGFI-B and several other receptors synthesized by in vitro translation in rabbit reticulocyte lysates.
